In recent years, much research has been done on the lithium/polypyrrole (Li/PPy) secondary battery system (1) (2) (3) (4) (5) . Combining PPy with lithium in a secondary battery provides an inexpensive and noncorrodible battery with a high cell potential and unusual design flexibility. Several authors (1) (2) (3) (4) (5) have investigated the charge/discharge behavior of a Li/PPy cell.
Mtinstedt et al.
(1) built and tested thin Li/LiC104-PC/ PPy cells which showed excellent cyclability and stability without significant loss of capacity. PPy was found to be far superior to polyacetylene as an electrode material. Osaka et al. (2) (3) obtained a high charge-discharge efficiency for a Li/LiC104-PC/PPy cell. Using potential step chronoamperometry together with ac impedance measurements, they observed a strong relationship between doping charges and the apparent diffusion coefficients for species in the PPy electrode. Their data suggested that the morphology of thin PPy films is an important factor in determining the electrochemical kinetics of the dopants in PPy films. Trinidad et al. (4) observed that the coulombic efficiency for these batteries is better than 90%. They suggested that it is necessary to increase the capacity of the cell and decrease the losses in cycling for full utilization of PPy as a cathode in a rechargeable lithium cell. Panero et al. (5) observed a high charge rate, a high coulombic efficiency, and a good cyclability of a PPy film electrode. Naoi et al. (6) (7) reported the superiority of the chargingdischarging performance of lithium batteries employing modified PPy with nitril rubber. The PPy film formed with the aid of nitril rubber showed a highly enhanced anion doping-undoping process because it has a rough, porous structure in the direction perpendicular to the current collector substrate.
Although the Li/PPy system has already attracted considerable attention in battery technology as discussed above, a secondary battery system based on the PPy is still in the experimental stage and the charge transport process within the solid PPy is not fully understood. To gain a better understanding of the dynamic behavior and to provide guidance toward better designs of new secondary batteries utilizing electrochemically conductive PPy, a one-dimensional mathematical model is presented here for the Li/PPy system. The model is an extension of previous work (8) , which consists of a model to simulate potentiostatic cyclic voltammograms for a PPy film on a rotating disk electrode. A whole prismatic cell is considered here, consisting of a PPy positive electrode which has been elec-*Electrochemical Society Student Member. **Electrochemical Society Active Member.
trochemically synthesized on a platinum current collector, a reservoir containing the electrolyte, a separator consisting of a porous inert material, and a lithium metal negative electrode.
The model is used to predict the dynamic behavior of the cell during charge and discharge at constant applied current density. The spatial and time dependence of concentration, overpotential, and electrode capacity profiles within the cell are presented. Also, the effects of various design parameters, such as the thickness of the PPy electrode, the reservoir, and the separator, are discussed. Figure 1 shows schematically the Li/LiCIO4-PC/PPy secondary battery system used in this study. The cell contains a platinum current collector which is electrochemically c o a t e d w i t h P P y film as a positive electrode, a n electrolyte reservoir, a separator, a n d a l i t h i u m negative electrode. T h e electrolyte in this ease consists of 1M LiC104 in propyle n e c a r b o n a t e a n d is referred to as a b i n a r y electrolyte because it is a s s u m e d t h a t LiC104 dissociates in p r o p y l e n e c a r b o n a t e into c h a r g e d Li + a n d C 1 0 ( species (9) . Before t h e descriptive e q u a t i o n s for t h e m o d e l are presented, it is c o n v e n i e n t to discuss t h e properties of materials u s e d in this s t u d y a n d their m a t h e m a t i c a l t r e a t m e n t .
Description of System
Electrochemistry.--During c h a r g e / d i s c h a r g e processes w i t h a c o n s t a n t c u r r e n t d e n s i t y (i~n), t h e e l e c t r o c h e m i c a l reaction occurring at t h e p o r o u s P P y positive electrode is a s s u m e d to b e a d o p i n g -u n d o p i n g of t h e p e r c h l o r a t e anion, e.g.
discharge o
PPy+CIOC + e-~ P P y + Cl04 [1] charge w h e r e ppyo a n d PPy+ are t h e r e d u c e d a n d oxidized f o r m s of PPy. Here, t h e p o l y m e r itself loses (on charge) or gains (on discharge) electrons in its structure. T h e c o u n t e r i o n (C1Oc) is i n c o r p o r a t e d into t h e solid s t r u c t u r e of P P y to p r o d u c e electrostatic neutrality a n d is often referred to as a dopant. T h e e l e c t r o c h e m i c a l reaction at t h e l i t h i u m negative electrode is a s s u m e d to b e t h e d i s s o l u t i o n a n d deposition of t h e l i t h i u m cation, e.g.
discharge +
L] ~ Li +e- [2] charge Therefore, t h e overall reaction w i t h i n t h e L i / P P y secondary b a t t e r y cell is discharge P P y + C 1 O c + L i ~ P P y~ § charge [3] Properties of electrotyte.--Measurements of t h e physical a n d structural properties of 1M LiC104-PC were c o n d u c t e d b y Keller et al. (9, 10) . T h e e q u i v a l e n t m o l a r c o n d u c t a n c e of 1M LiC104-PC (A) was calculated b y a graphical e x t r a p o l a t i o n of t h e e q u i v a l e n t c o n d u c t a n c e plotted vs. t h e s q u a r e root of t h e c o n c e n t r a t i o n a n d was r e p o r t e d as 5.640 cm2/~2-mol. T h e t r a n s f e r e n c e n u m b e r of a Li + (t+) in 1M LiC104-PC was r e p o r t e d as 0.19 b y t h e H i t t o r f m e t h o d . F r o m t h e s e e x p e r i m e n t a l m e a s u r e m e n t s , t h e n e c e s s a r y p a r a m e t e r values, w h i c h are currently n o t available from literature, can b e calculated b y u s i n g t h e relationship g i v e n b y N e w m a n (11).
T h e ionic e q u i v a l e n t c o n d u c t a n c e of species i (k-~ in a bin a r y electrolyte c a n b e o b t a i n e d b y u s i n g t h e t r a n s f e r e n c e n u m b e r of species i a n d t h e e q u i v a l e n t m o l a r c o n d u c t a n c e [p. 230 of Ref. (11)] hi = ti A [4] a n d is related to t h e ionic mobility of species i (ui) b y [p. 229 of Res (11)] hi = IzilF2ui [5] w h e r e zi r e p r e s e n t s t h e c h a r g e n u m b e r of species i. T h e ionic diffusion coefficient for species i (Di) c a n be t h e n obt a i n e d b y t h e N e r n s t -E i n s t e i n e q u a t i o n [p. 229 of Ref. (11)] Di = RTui [6] T h e physical a n d t r a n s p o r t properties of 1M LiC104-PC electrolyte d i s c u s s e d a b o v e are s u m m a r i z e d in Table I .
Properties of PPy.--During c h a r g e a n d d i s c h a r g e processes, t h e P P y film n o r m a l l y consists of two distinct sites: t h e d o p e d sites consisting of PPy+ a n d u n d o p e d sites consisting of ppyo as s h o w n in Eq. [1] . Thus, only a few measu r e m e n t s of t h e properties of t h e P P y film h a v e b e e n reported, a n d t h e s e are very limited, to t h e fully oxidized or r e d u c e d states as s h o w n in Table II ( 12) . O n e possible app r o a c h to o b t a i n t h e n e c e s s a r y p a r a m e t e r values at a n int e r m e d i a t e state is t h a t t h e properties of P P y at a n interm e d i a t e state c a n be c o n s i d e r e d as f u n c t i o n s of its d o p i n g (oxidation) state (13). It is c o n v e n i e n t to define the fraction factor of t h e doping level of PPy, 0, as follows
w h e r e h r e p r e s e n t s t h e degree of t h e partial oxidation of P P y (i.e., t h e ratio of one d o p e d a n i o n to t h e n u m b e r of pyrrole m o n o m e r units) a n d hmax r e p r e s e n t s t h e m a x i m a l d o p i n g level. Since 0 varies linearly w i t h t h e a m o u n t of oxidized PPy, 0 c a n b e e x p r e s s e d b y t h e c o n s u m e d faradaic c h a r g e of t h e P P y film, Qf, as follows Qf -Qf, red
Qf.oxd --Qf, red w h e r e t h e subscripts, oxd a n d red, r e p r e s e n t t h e fully oxidized a n d r e d u c e d states. It is n o t e d t h a t 0 = 0 for a fully red u c e d P P y film w i t h a m i n i m a l faradaic charge, Qf,~ed, a n d 0 = 1 for a fully oxidized P P y film with a m a x i m a l faradaic charge, Qf.oxd. T h e m i c r o s c o p i c s t r u c t u r e s a n d t h e properties of t h e P P y electrode at i n t e r m e d i a t e state can be c o n s i d e r e d as f u n c t i o n s of 0 = 0 as s u m m a r i z e d in Table III . T h e porosity of t h e P P y film, %, is g o v e r n e d b y a material b a l a n c e on t h e solid p h a s e b e c a u s e t h e d e n s i t y of t h e P P y c h a n g e s w i t h d o p i n g level d u e to t h e a m o u n t of d o p e d anion, a n d c a n be e x p r e s s e d in t e r m s of 0 as follows (14) ep = 0eoxd + (1 --0)~re d [9] w h e r e 0 r e p r e s e n t s t h e a m o u n t of oxidized P P y a n d (1 -0) r e p r e s e n t s t h e a m o u n t of r e d u c e d PPy. T h e electronic cond u c t i v i t y of P P y film (ap) is o b t a i n e d in a like m a n n e r (14)
Model Development
T h e m o d e l p r e s e n t e d here is for p r e d i c t i n g t h e charge/ discharge b e h a v i o r of t h e L i / P P y s e c o n d a r y b a t t e r y cell at a c o n s t a n t c u r r e n t d e n s i t y (icen). F i g u r e 1 s h o w s t h a t t h e m o d e l of t h e cell consists of t h r e e m a i n regions, two b o u n d a r i e s , a n d t w o interfaces. O n e of t h e b o u n d a r i e s is o n t h e left at y = 0, a n d is u s e d to r e p r e s e n t t h e interface b e t w e e n a p l a t i n u m c u r r e n t collector a n d t h e P P y positive electrode. T h e first region (region 1) o n t h e left is a p o r o u s P P y positive electrode of w i d t h ~pe. T h e first interface is b e t w e e n t h e P P y positive electrode a n d a reservoir at y = Ype. T h e s e c o n d region (region 2) is a n electrolyte reservoir of w i d t h Bre-T h e s e c o n d interface is b e t w e e n t h e reser- voir and a separator at y --Yre-The third region (region 3) is the separator of width 8~. The second boundary condition is at y = y~ and is between the separator and the lithium negative electrode. In all of the regions of the cell, the unknowns are the concentration ofLi + (c+), the concentration ofC10-(c_), the local faradaic charge per unit volume (Qf), the potential of the solid phase (~), and the potential of the solution phase (~P2)-Values for the unknowns depend on the perpendicular distance from the platinum current collector of the PPy positive electrode (y) and time (t), and they are obtained by solving the system of governing equations and assumptions for each region of the cell described next.
Porous polypyrrole positive electrode.--Since the PPy positive electrode region consists of a solid phase of conducting polymer and a solution phase of an organic electrolyte that penetrates the void spaces in the porous structure, Newman's (15) porous electrode theory is applied to this region. Macroscopic properties are used to describe physically the porous material in terms of simple measurable parameters without regard to the actual geometrical details of the pore structure. Two of these properties are the porosity (%) and the tortuosity (T). The porosity represents the void volume fraction occupied by the electrolyte within a volume element of the electrode. The tortuosity is a property of the porous structure and is assumed to be related simply to the porosity as follows (16)
where ex is a constant and is set equal to 0.5 here.
The properties of the electrolyte within the PPy positive electrode (diffusivity, mobility, ionic conductivity, etc.) must be modified to account for the porous nature of this region. The effective diffusivity (D~.p) and mobility (u~,Q of species i within the porous structure are related to the free stream diffusivity (Di) and mobility (ui) as follows (16) Di, p = Diep l+ex [12] Ui, p = Uiep l+ex [13] The effective solution conductivity (K o) within the porous structure, which is related to the solution concentration and free stream solution conductivity (K), can be expressed as follows Kp = Kep l+e~ [14] where
Material balance for dissolved species.--To account for the non-homogeneous structure of the PPy film, averaging is applied to the local variables within a volume element throughout the porous PPy positive electrode (15) . The differential material balance equation is formulated for a dissolved species i in terms of average quantities as follows (15) ~pCi --V -Ni.p + R'l,i
[16] at where c~ represents the concentration of species i per unit volume of electrolyte within the porous matrix, %ci represents the average concentration per total unit volume including the solid polymer phase and the electrolyte that occupies the space within the matrix, and R'u is the consumption or production rate of species i due to a pseudohomogeneous reaction (electrochemical reaction [1] ) or double layer charging within the porous PPy electrode.
The flux of species i within the porous region (Ni.p) is due to migration in the electric field and diffusion in the concentration gradient and is expressed as follows (15) Ni,p = -ZiUi,pFCiV~ 2 -Di,pVci [17] where cP2 is the potential in the solution phase within the porous region 9
The consumption or production rate of species i within the porous PPy electrode (R'l,i) is due to a pseudohomogeneous reaction (electrochemical reaction [1] ) and double layer charging (11) Sl,i R'i,i = -nlF a3~ [18] where s~.i is the stoichiometric coefficient of species i for the electrochemical reaction [1] , nt is the number of electrons transferred for the electrochemical reaction [1] , a is the specific interracial area per unit volume, and j~ is the transfer current density (i.e., current passed per unit of electroactive surface area, A/cm2), as discussed below in the Transfer current section. It should be noted that s u is positive for an anodic reactant and negative for a cathodic reactant. A one-dimensional material balance equation for species i can be obtained by substituting Eq. [17] and [18] into Eq. [16] 01EpCi Zi F ( 0ui'p t~(I~2
\oy oy n,F [19] Current density.--The total current density flowing through the cell (/cell), as shown in Fig. 1 , is defined to be the sum of the superficial current density in the solid phase (il) and the superficial current density in the solution phase (i2) i~e, = il +/2 [20] It is assumed that the superficial current density in the solid phase (i~) is due to the movement of electrons and is governed by Ohm's law (15) ogP~ il = -%-- [21] oy and the superficial current density in the solution phase (i2) is due to the movement of charged species (11) i2 = F ~ ziNi, p [22] i Substituting the y component of Eq. [17] 
Oy Oy
The local transfer current consists of two terms (17) (18) ajl : ajf + ajc [27] where ajf and ajc represent the faradaic and capacitive transfer current per unit volume, respectively. The faradaic transfer current per unit volume can be expressed in terms of the rate of electrochemical reaction [1] , which is controlled primarily by the available electroactive surface area and the transport rate (diffusion and migration) of the counterion, and is assumed to be given by the Butler-Volmer equation as follows (8) c ajf=ai~ \RT
where a is the specific interfacial area per unit volume, iol,ref is the exchange current density for the reaction [1] at a given reference concentration (c~.m), ~1 and ~c~ are anodic and cathodic transfer coefficients, and ~ is the overpotential for the reaction [1] . The term, a(1 -0), represents the available electroactive surface area for anodic reaction (oxidation) and a0 represents the available electroactive surface area for cathodic reaction (reduction). Note that the fractional doping level 0, which depends on Q~ (see Eq. [8] ), is assumed to be a multipticative factor in the cathodic portion of the Butler-Volmer equation 9 Thus, before charging of the PPy film (i.e., with 0 = 0), no charge can be extracted from the film. Anodic and cathodic current densities are taken to be positive and negative, respectively. Note also that aa~ + ac~ = n~. The overpotential is defined as
where cp~ is a reference potential and U~ is the theoretical open-circuit potential for reaction [1] at a given concentration (c~). U, is given by The anodic faradaic current transferred across the porous PPy film causes reaction [1] to proceed in the anodic direction and causes charging of the double layer within the pores of the PPy~film in a manner consistent with that proposed by Feldberg (19) . That is, the amount of capacitive charge that goes to charging the double layers within the pores of the porous film, Qc, is related to the amount of the faradaic charge added to the polymer film by the faradaic reaction, Qf. Thus, capacitive charge within the PPy film per unit volume, Qc, can be written by
where a* is a proportional constant which is assumed to be independent of potential and ~pzc is the total overpotential across the double layer at the point of zero charge (pzc) which is given by 
\ ot
The total charge accumulated within the PPy film per unit volume (Qt) is defined to be the sum of the faradaic charge (Qf) and capacitive charge (Qc)
The parameter values used to simulate the electrochemical reaction rate and the double layer charge in the PPy positive electrode have been summarized in Table IV .
Reservoir.--The reservoir is the region between the PPy positive electrode and the separator, and is filled with the Since all the current flowing through the reservoir is carried by the electrolyte, the total current density (icj is expressed by the superficial current density in the solution phase (i2) which is similar to that used in the positive electrode region except that the free stream conductivity (K) and diffusivity (Di) apply (see Eq. ....
F Z ziDi --= /cell
[40] 0y i 0y
Since there is no solid material, the faradaic charge (Q0 and the solid potential ('1) are treated as dummy variables and are arbitrarily set equal to zero
Separator.--The separator consists of a porous inert material which is mainly used to prevent physical contact between the PPy positive electrode and the Li negative electrode, and a solution phase which fills the void spaces of the porous structure. Since the solid material is inert, the porosity does not change with time and is set arbitrarily equal to a constant (i.e., e~ = 0.5). An effective diffusivity (Di.~) and mobility (ui,~) of species i and ionic conductivity of electrolyte (K~) within the separator are obtained in the same manner as that for the PPy positive electrode region (see Eq. [12] Since the solid material is inert and all the current flowing through the separator is carried by the electrolyte, the total current density (icen) in this region is expressed by the superficial current density in the solution phase (i2), which is similar to that used in the reservoir, with the exception that the effective conductivity (Ks) and diffusivity (Di,~) apply (see Eq.
[40]) 0*2 --F ~ ziDi, s Oci = .
i2 =--K~ O----yif" Oy Zcell [48]
Boundary and interface conditions.--To complete the system of equations for the model, the boundary conditions at each end of the cell and inter-regional interfaces must be specified for the dependent variables: c+, c_, Qf, *1, and *3-Boundary and interface conditions for these dependent variables are specified in the order of the positive electrode to the negative electrode. The porous PPy positive electrode is bounded by a platinum current collector on one face (y = 0) and by the reservoir on the other (Y = Ype). At the current collector/PPy positive electrode interface (y = 0), the normal component of the flux ofLi + is assumed to be equal to zero 
At the PPy positive electrode/reservoir interface, the flux of each species i across the two regions must be continuous, which can be written as follows
In a similar manner, the superficial current density (is) in the solution phase is also taken to be continuous across this interface, so that At the reservoir/separator interface, the boundary conditions are derived in the same manner as those for the positive electrode/reservoir interface. The flux of each species i and the superficial current density in the solution phase across the two regions must be continuous At this interface, Qf and *, are treated as dummy variables and are arbitrarily set equal to zero. At the separator/Li negative electrode interface, the rate of consumption (charge) or production (discharge) of a Li + by the electrochemical reaction [2] is equal to the net normal component of the flux of Li + towards or away from the electrode (20) 0"2 0C+ $2,+ .
-z+u+,sFc+ -D+,s -" 32
[59] Oy Oy n2F
The normal component of the flux of C1OC is assumed to be equal to zero at y = y~
OcP2 oc_ -z_u_,~Fc_ -D_,~--= 0
[60]
Oy Oy
The potential in the solid lithium (r at this point is set arbitrarily equal to zero volts
This is done to provide a reference point and consequently a particular solution for the model. Of course, r could be alternatively set to zero at the other end of the cell (i.e., at the current collectorfPPy positive electrode interface). At this point (y = y~e), all the current in the cell leaves the electrolyte and enters the lithium negative electrode by the electrochemical reaction [2] J2 = -i~dl
[62]
The electrochemical reaction of the Li negative electrode during charge/discharge is given by Eq. [2] . The rate of this reaction is controlled primarily by the transport rate (diffusion and migration) of the lithium cation and can be expressed by the faradaic transfer current density for reaction [2] , J2, which is assumed to be given by the Butler-Volmer equation as follows (14) (-ac2F ~
where i0,2,ref represents the exchange current density for reaction [2] at a given reference concentration (q,r~f), a~2 and ~ represent the transfer coefficients for the anodic and the cathodic direction of the electrochemical reaction [2] , and na is the overpotential for reaction [2] . Again,
The overpotential is defined as
where U2 is the theoretical open-circuit potential for reaction [2] at the given concentration (c~ and is given by The parameter values used to simulate the electrochemical reaction rate of the lithium negative electrode are summarized in Table V . According t0\Jasinski (9) , it can be coneluded that Li/Li + has a high exchange current density in 1M LiC104-PC; at least on the order of 2-5 mA/em 2 for a smooth surface and a cathodic transfer coefficient (~2) ranged from 0.66 to 0.72.
RT ln ( Ci I
Initial conditions.--Initial conditions are necessary for the variables which depend explicitly on time. For convenience, it is assumed that the cell is fully discharged and ready to be charged. Consequently, the faradaic charge per unit volume in the PPy film (Qf) is initially set equal to Qr, r~, a minimal charge state. Therefore, porosity (%) and conductivity (%) of the PPy film are initially set equal to ered and ared, values at this reduced state. The concentration of each species i throughout the cell is set equal to its reference concentration Ci = Ci,ref
The conductivity of the electrolyte (K) can be obtained by combining Eq. [15] and [67] . The other dependent variables (oPt and r do not require initial conditions and were arbitrarily set equal to zero at t = 0 for all y.
Solution method.--The governing equations, boundary conditions, and interface conditions for the determination of the quantities c+, c_, Qf, r and ~2 have been summarized in Table VI . The system of equations was put into finite difference form and solved as a function of time and position by using a numerical technique referred to as Newman's pentadiagonal block matrix equation solver (21) and implicit stepping (22) . Once the values of unknowns (c+, c_, Qf, (Pl, and r are obtained, values ofiz and i2 for each region, and Qc, can be obtained from those dependent variables using Eq. [21] , [23] , and [33]. The total current density (i~n) flowing through the cell is constant and is equal to the sum of the current density flowing in the solid phase (i~) and the solution phase (i2).
Results and Discussion
The model can be used to simulate the charge and discharge dynamic behavior of a typical Li/LiC104-PC/PPy secondary battery cell under various operating conditions. The effects of various design parameters, such as the thickness of the electrode, the reservoir, and the separator, etc., on the cell discharge performance could also be examined, if desired.
The fixed parameter values in predicting the performance of the Li/PPy cell are given in Table VII . A one ~m thick PPy film was used in this paper because a high doping level and a high efficiency have been observed for this thickness (5) . To minimize ohmic loss in a cell, the separator was chosen to have an overall porosity of 0.5 to permit better diffusion and migration of the ions between the electrodes. The thickness of the reservoir and the separator were chosen arbitrarily to contain 30% electrolyte for a fully charged cell. Separators as thick as 25 ~m would cause a significant degradation in the performance of the cell. Consequently, it may be necessary to develop new methods of separator preparation to be able to build a practical cell. Parameters not referenced in Tables I  through VII were selected arbitrarily. A typical charge/discharge curve at a constant current density of 0.2 mA/cm 2 for a Li/PPy cell with 1M LiC104-PC is presented in Fig. 2 . The charge and discharge current densities are specified as being positive and negative, respectively, because of the chosen coordinate system. The cell potential, dP~u, represents the difference between the potential of the solid phase at the current collector of the PPy positive electrode at y = 0 and that of the Li negative electrode at y = y~e. For convenience, the charge and discharge processes were terminated when the faradaic charge state of the cell (Q#Qf.o~d) reached 99.9% and 0.1%, respectively.
The predicted cell potential after 99.9% charge was 3.444V. At the end of the discharge, the sharp potential drop indicates that the polymer becomes an insulator. The average discharge potential ((Pave) of a typical cell can be estimated from the discharge curve in Fig. 2 to be 3.152V. Important properties of a battery are the energy and power densities. The energy density of a celt is defined here as the amount of energy extracted per unit mass of PPy in the cell and is calculated by using the following equation ( The theoretical power density obtained from the discharge curve in Fig. 2 was about 41.7 W~g of PPy positive electrode.
The characteristics of the cell estimated from this study are summarized in Table VIII . Direct comparison of the theoretical prediction to those of the experimental data available in the literature was not attempted, although the predictions of charge/discharge behavior seem reasonable. The kinetics of the anion doping-undoping process of a PPy electrode and the capacity of a lithium/polymer battery are strongly dependent on the morphology and the thickness of the PPy films.
The cell potential vs. time curve in Fig. 2 increases with a certain initial slope which changes to a different slope midway through both charge and discharge. This is because the charging and discharging processes are affected by two distinctive factors, faradaic and capacitive current densities, if and i,. These are obtained by integrating the local faradaic and capacitive transfer current (aj~ and aj~) over the porous PPy positive electrode region and are shown in Fig. 3 as a function time.
During charge, the first slope in Fig. 2 is dominated by the faradaic effect, while the second slope is dominated by the capacitive effect. The faradaic current density (if) decreases with time because the electroactive area (reduced PPy sites) and the concentration of the counterion decrease as the PPy positive electrode is charged. However, the capacitive current density (ic) increases continuously with time until the PPy electrode is fully oxidized at about 110s. When the PPy electrode is fully oxidized, the faradaic current density becomes very small (no further oxidation of the PPy film occurs) and the total current density is equal to the capacitive current density, which is used to charge the double layers within the porous PPy positive electrode. Fig. 4 . For convenience, the concentration of the counterion was made dimensionless relative to its reference concentrations (c-,r~r). Initially, the concentration of the couriterion is uniform throughout the cell at reference concentration (c_ ~f). Applying a constant current density of 0.2 mA/cm 2 causes the anions (C104-) to be consumed at the PPy positive electrode by the oxidation of PPy (electrochemical reaction [1] ) and by double layer charging. Also, cations (Li § are consumed at the lithium negative electrode by the reduction of Li (electrochemical reaction [2] ). The reacting species are transported from the reservoir to the electrodes where they diffuse and migrate to the reactive sites. For discharge, the opposite is true. Since the effective diffusivities of Li § and C10( within the porous layer are smaller than the free stream diffusivity of those species, the concentration gradients within the porous region must be larger to make up for the slower movement of the ions. The gradient within the PPy positive electrode becomes larger with time. Figure 5 shows the distribution of faradaic charge consumed in a PPy positive electrode at a constant current density of 0.2 mA/cm ~ during charge. The faradaic charge per unit volume was made dimensionless by using the maximum faradaic charge value (Qf, oxd) as the reference point. Initially, the PPy positive electrode is fully reduced (value of Qf.~d) and is ready to be oxidized. During charging at a constant current density of 0.2 mA/cm 2, the faradaic charge is accumulated throughout the PPy positive electrode by the electrochemical reaction [1] . The faradaic charge accumulation in the outer layer of the PPy film is faster because of the concentration gradient within PPy positive electrode as shown in Fig. 4 . After the PPy positive electrode is significantly oxidized, the charge distribution becomes uniform again. During discharge, the faradaic charge is withdrawn faster in the outer layer of the PPy film for the same reason. The other electrochemical properties of the PPy positive electrode (such as porosity, electronic and ionic conductivity, diffusivity, etc.) have the same distribution throughout the PPy positive electrode because these properties are proportional to the faradaic charge consumed within the PPy positive electrode. The effects of various operating conditions can be examined. For example, the effects of discharge rate on the predicted behavior of the cell discharge are examined in Fig. 6 . This clearly illustrates that the electrodes are better utilized at lower discharge rate. By discharging at a lower rate, much more energy can be drawn from the cell.
The effects of various cell physical parameters on the predicted behavior of the cell and their implications are examined in Fig. 7-9 . The capacity of a Li/PPy cell is determined by the amount of electrode active material and the
I
, oo amount of electrolyte available in the cell. Figure 7 shows the effect of the thickness of the PPy positive electrode (equivalent to changing the amount of PPy electroactive material) on the discharge cell performance. Figure 8 shows the effect of the thickness of the reservoir (equivalent to changing the amount of electroactive counterion) on the discharge cell performance at a constant current of 0.2 mA/cm 2. Increasing the thickness of the reservoir yields a slightly smaller cell discharge potential and a shorter discharge time. This is because the thicker reservoir tends to increase ohmic drop. Figure 9 shows the effect of the thickness of the separator on the discharge cell performance at a constant current of 0.2 mA/cm 2. Also, increasing the thickness of separator yields a slightly smaller cell discharge potential and a shorter discharge time. This is because the thicker separator tends to increase ohmic drop.
Consequently, the optimal values of design parameters (such as, thickness for the PPy positive electrode, reservoir, and separator) have to be determined in conjunction with other design parameters and operating conditions. Summary A mathematical model of a Li/PPy cell based on the dilute solution theory and the porous electrode theory was developed here to predict the dynamic behavior of a Li/ LiC104-PC/PPy cell. The model includes double layer effects on the cell performance and treats the electrochemical properties of PPy as functions of its doping state. It may be possible to use this model together with experimental data and a parameter estimation technique to determine the design parameters for the best performance of the Li/LiC104-PC/PPy cell. Also, the Li/PPy model developed here could be modified to study other polymeric battery systems.
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